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We propose a functional parametric analysis method using
ECG-gated ®®*™Tc-labeled red blood cell (RBC) imaging for de-
tection and characterization of periodic variations in local biood
activity in the lungs during cardiac cycle. We validated in animal
experiments that such count variations cormrelate with cyclical
pulmonary blood flow and may be used for evaluation of sys-
temic-to-puimonary shunts. Clinical studies were performed in
48 patients. After labeling the RBC pool with ®®™Tc, ECG-gated
gamma camera images of both lung fields were acquired and
processed to obtain Fourier transforms of time/activity functions
in selected regions. The first harmonic parametric images of
amplitude and phase were derived. There was an excellent
correlation (r = 0.92) between activity variations and pulsatile
flow measured by our method with that obtained by the ther-
modilution method in dog experiments (n = 10) after implanta-
tion of a systemic-to-pulmonary shunt. Patient studies showed
the technique to be sensitive in detecting and quantifying abnor-
mal systemic-to-pulmonary blood fiow. Lung pulsatile flow can
thus be noninvasively measured from functional parametric
phase and amplitude images; the technique may be useful for
detecting and quantifying abnormal systemic-to-pulmonary
blood flow in man.
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During the cardiac cycle there are cyclical variations in
pulmonary pressure, blood flow and blood volume caused
by the pulsatile nature of blood flow through the pulmonary
circulation. These changes are observed in arteries, arteri-
oles, capillaries and venules and are due to volume varia-
tions in compliant vessels as well as the opening and
collapse of these vessels. Pulmonary capillaries are disten-
sible. In the dog, about 13% of total lung compliance is
capillary compliance (1). Volume variations in lung capil-
laries also correlate to arterial pressure variations (2). Pres-
sure variations of about 12 mmHg in the pulmonary artery
and 3-5 mmHg in the pulmonary capillaries have been
observed; these changes in arterial pressure have been
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correlated with pulmonary blood volume but do not corre-
late with variations in venous pressure (3).

If the RBC pool is labelled with ®™Tc, and if frame-
mode, ECG-gated dynamic gamma camera image acquisi-
tion of the lung area is performed, local blood volume
variations in the pulmonary circulation can be detected and
measured on a pixel-by-pixel basis. Parametric functional
amplitude and phase images similar to those derived for left
ventricular evaluation can be generated to characterize
pulmonary blood flow (4-6).

The purpose of our study was to validate this technique
of lung functional parametric analysis in an experimental
dog model using thermodilution measurements before and
after placement of a systemic-to-pulmonary shunt. We also
performed clinical studies in patients with known pulmo-
nary circulatory abnormalities and compared the radionu-
clide measurements to other measurement techniques.

MATERIALS AND METHODS

Red Blood Cell Labeling

Both patient and animal studies were performed using in vivo
labeling of the RBC pool. Following intravenous administration of
stannous pyrophosphate, patients received 25 mCi (925 MBq) and
dogs 10-15 mCi (370-550 MBq) of *Tc-pertechnetate.

Image Acquisition

All studies were acquired on a GE400 AC gamma camera
interfaced to a dedicated 5000/200 DEC Imaging System. Soft-
ware acquisition and processing programs were developed and
validated by our group (7). For human studies, posterior view,
R-wave ECG-gated gamma camera images of the lungs were ac-
quired for 20 min with the patients seated. All studies were ac-
quired in frame mode using a 64 X64 image matrix and 32 frames/
R-R interval. The average framing interval was 25 msec and the
total number of heart cycles per study ranged from 1200-2000.
This resulted in variations of total counts per pixel, reflecting
volume changes from 1100 to 1300 counts in the frame sequence
collected during the cardiac cycle.

Patients were fully informed about the study and gave informed
consent to participate. Animal studies were conducted in accor-
dance with standards established at the University of Coimbra for
care and performance of studies involving animals.
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FIGURE 1. Schematic set of time/activity curves for 7 areas in the
lung and left ventricle (area 4) of a normal control as seen in poste-
rior view. Arrows indicate the sampiling region. Dotted line curves are
the actual measured count rates (y-axis) over time (x-axis). Solid line
curves are normalized to maximum count variations.

Image Analysis

The summed-gated frames were reviewed visually and the
lungs, heart and the great vessels manually defined by the oper-
ator. Regions of interest (ROI) were placed around the lungs in
order to exclude the heart and great vessels. These regions gen-
erally excluded the mediastinal areas and the lower half of the left
lung, which consists mainly of cardiac blood pool. ROIs were
applied to individual frames to obtain time/activity curves on a
pixel-by-pixel basis. Following Fourier transformation, the first
harmonic amplitude and phase parametric images were created
7).

An example of this technique from a study performed on a
normal volunteer is schematically shown in Figure 1. For each
ROI, a cursor can be placed over a single pixel in the amplitude
image and the absolute count rate as a function of time for this
pixel and the adjacent 4 pixels is plotted. For each ROI, the
absolute counts are plotted as dotted lines and the solid line
curves have been normalized to the maximum observed variation.
The 6 regions in the lungs (areas 1-3 and 5-6) achieve peak counts
and the maximum count rate variation when counts are lowest in
the left ventricular region (area 4). Regions near the hilum are
fairly sinusoidal, but some deterioration in this function occurs
toward the periphery (area 7).

Amplitude and phase images can be shown on the left of the
display and histograms for number of pixels/phase angle are dis-
played to the right (Fig. 2). In addition, statistical parameters
characterizing phase distribution for individual segments or total
lung can also be derived.

Amplitude functional images are a measure of local variation of
blood activity during the cardiac cycle and thus an indirect mea-
sure of pulsatile flow. Phase functional images show the instant of
activity pulse in the lung pixels relative to the ECG R-wave gating
signal. We found in healthy control patients an initial large peak
corresponding to the pulmonary circulation and a second peak,
with a greater phase angle and a smaller area, which corresponds
to the pulmonary systemic blood flow. Because the phase origin in
our lung phase histograms does not coincide with the ECG
R-wave peak, we display our studies with a 270° shift to the right
in the phase origin. This allows both the systemic and pulmonary
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peaks to be displayed without being sectioned by limits of the
phase angle in the histogram. In subsequent discussions, phase
angle values or timing during the cardiac cycle refer to the new,
shifted origin.

The ratio of the sum of amplitudes of pixels in the phase
interval of the systemic peak to the sum of amplitudes for all
pixels in the lung RO, regardless of phase, is called the amplitude
ratio. The ratio is proportional to the fractional pulmonary-to-
systemic flow ratio, which we validated in animal experiments.

Animal Experiments

Ten healthy mongrel dogs (6 females and 4 males) weighing
13.5 = 5§ kg (mean * 1 standard deviation) were used. Following
several days of observation, dogs were fasted for 12 hours and
premedicated with IM ketamine (15 mg/kg), atropine (0.5 mg) and
diazepam (5 mg) before anesthesia was induced with sodium pen-
tobarbital (30 mg/kg 1.V.). ECG electrodes were placed to allow
gated acquisition; the dogs were positioned supine with limbs
restrained. The thorax was opened by median sternotomy and the
pericardium exposed. A pediatric SF Swan-Ganz catheter was
introduced through the right atrial appendage into the right atrium
and advanced through the right ventricle into the pulmonary ar-
tery trunk. The catheter was stabilized when its terminal hole and
the transducer were in the pulmonary artery and its proximal hole,
used for the cardiac output injection, was in the right atrium. The
blood pool of the dogs was radiolabeled and gated acquisition was
carried out for 15 minutes. Cardiac output was measured by the
thermodilution method using an Edwards Laboratories Cardiac
Output Computer (model 9520A).

Next, a systemic-to-pulmonary shunt was created between the
ascending portion of the aorta and the beginning of the pulmonary
artery in each dog. Cardiac output measurements and ECG-gated
blood pool acquisition were repeated. The difference between the
flows in the pulmonary artery before and after the shunt implan-
tation is the shunt flow which can be expressed as a fraction of the
total flow in the pulmonary artery. Data from the first acquisition
were processed using the method described above and the ampli-
tude ratio for the bronchial circulation as a fraction of the total
pulmonary flow was determined. From the second acquisition, the
amplitude ratio for the flow corresponding to the implanted shunt
plus the bronchial circulation was obtained.

FIGURE 2. Amplitude and phase parametric images and phase
histogram of a single representative dog before implantation of a
systemic-to-puimonary shunt.
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FIGURE 3. Ampilitude and phase parametric images and phase
histogram of same dog as in Figure 2 after creation of a systemic-
to-pulmonary shunt. There was excellent correlation between the 2
methods (r = 0.918).

Patient Studies

Human studies were carried out in 48 patients: 25 controls,
eight with chronic obstructive pulmonary diseases (COPD), 11
with systemic-to-pulmonary shunts, and four with pulmonary se-
questra (a portion of lung supplied by a systemic artery arising
from the aorta or one of its branches). The controls were volun-
teers whose blood pool was already labeled for clinically indicated
9mTc-radionuclide ventriculography and in whom absence of pul-
monary disease had been confirmed.

Reproducibility

Since variability may occur in selecting ROIs, reproducibility
of the technique was assessed. A total of 10 patient images were
analyzed on two separate occasions by two observers with a
minimum of 2 wk between processing.

Statistical Analysis

All values are shown as the mean + 1 standard deviation.
Agreement between the thermodilution flow ratio and the ampli-
tude ratio measured from the functional images was performed
using linear regression analysis. A p < 0.05 was considered sta-
tistically significant for all comparisons.

RESULTS

Animal Experiments

The average amplitude ratio for the area under the bron-
chial peak obtained in the dogs before the implant was 4.24
+ 2.56%. Figures 2 and 3 show the analysis before and
after shunt implantation in a single dog. Table 1 compares
the flow ratio obtained by the thermodilution technique to
the amplitude ratio of shunt flow plus bronchial circulation
obtained by the proposed radionuclide method in the 10
dogs. These results are plotted in Figure 4. There was
excellent agreement between the two methods with r =
0.918 (p = 0.0002) and with the following regression equa-
tion:

Amplitude Ratio = 3.48 + 0.70 X FR
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TABLE 1
Flow ratio by the thermodilution method compared to the
amplitude ratio for individual dogs.

Flow ratio by Amplitude ratio
Experiment thermodilution radionuclide
number (%) method (%)
1 40 5.8
2 10.0 128
3 158 10.1
4 19 116
5 55 48
6 43 10.1
7 30.0 236
8 222 21.1
9 16.6 174
10 6.6 6.0

The intercept of 3.48 suggests that our proposed method
overestimates the thermodilution values. The standard er-
ror of the coefficient is 0.11 and the standard error is 1.60%.

Results in Humans

Representative examples of cases studied by this radio-
nuclide method are presented in the following sections.

Control Cases. The amplitude functional image in a con-
trol case is shown at the upper left of Figure 5. It reflects
the extent of activity (volume) variation of the pulmonary
blood and, indirectly, pulsatile flow. The color scale indi-
cates increasing values from blue (lowest) to white (high-
est). The yellow/red zones in the middle areas of the lungs
are a result of strong pulsations in the large diameter arte-
rial vessels of the hilum. At the lower left of Figure 5 is the
phase functional image. Here the color scale refers to the
0-360° phase interval, matching the period of a sinusoidal
function. Blue means small phase angles or short arrival
times of pulsation in the pulmonary area.

The phase functional image shows that arrival times of
blood volume wave are, on average, shorter in the left
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FIGURE 4. The amplitude ratio (AR) calculated by the radionu-
clide method is compared to the fiow ratio (FR) measured by ther-
modilution for 10 dogs in which a systemic-to-pulmonary shunt was
surgically created.
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FIGURE 8. Anmmwprmepuambm\aoeswphase
histogram of a human normal control

lung. Considerable homogeneity is observed for most of
the lung in controls.

At the right hand side of Figure 5 is the phase histogram
for the total lung area. The phase angle mean value, stan-
dard deviation and its percent value with respect to the
mean can also be seen. The pixel color scale used in the
phase functional image as described above is maintained in

The phase histogram shows that pulsation arrival time in
the pulmonary area has a small spread with respect to the
mean. Taking into account all the pixels in the ROI, the
value was 157.5 + 46° (mean * SD).

Abnormal Studies

Two pathological clinical cases studied with the present
method are presented in Figures 6-10.

Case 1. Figure 6 presents the results of a patient with
pulmonary sequestrum at the base of the right lung con-
firmed by aortography. The amplitude parametric image
shows an area of medium amplitude in the left lung that

FIGURE 6. Ampiitude and phase parametric images (left paneis)
and phase histograms for apex, middie and basal thirds of each lung
in a patient with a pulmonary sequestrum at the base of the right
lung. An area with large phase angle is observed at the base of the

right lung.
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starts in the medial hilar region and extends to the periph-
ery. In the right lung, the hilar area of high amplitude
extends down obliquely to the base. The phase image
shows abnormally long arrival times at the base of the right
lung. The phase histogram of the lower third of the right
lung shows a peak phase near 360°. The pixels in the phase
functional image contained in this peak have the same
color as in the histogram and they correspond to the se-
questrum region. The percent amplitude ratio for the small
peak (yellow-to-white) is 3%. These findings were con-
firmed by aortography which showed an abnormal branch
of the celiac axis heading to the base of the right lung (Fig.

Case 2. The study from a patient with a systemic-to-
pulmonary shunt in the left lingula, confirmed by pulmo-
nary arteriography, is shown in Figure 8. In the amplitude
functional image, high amplitude areas similar to large ves-
sels and running downward from the hilar regions, are
observed in both lungs. At the lung periphery, the ampli-
tudes are very small or virtually absent. The phase func-
tional image indicates that the high amplitude areas have a
large phase angle. Outside these areas the phase distribu-
tion is close to normal.

Points ranging from yellow to white inside the window in
the phase histogram for the total pulmonary ROI, and
pixels with the same colors in the phase functional image in

FIGURE 8. Functional parametric images in patient with system-
ic-to-puimonary shunt. Areas of high amplitude value and large
phase angle observed in both lungs.
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FIGURE 9. Pul-

monary  angiogra-
phy of patient in Fig-

ure 8.

Figure 8, are due mainly to late arrival in the lungs of blood
from the shunt. The calculated amplitude ratio was 46%.
The pulmonary arteriogram for this patient is shown in
Figure 9. After surgical resection of the lingula, the radio-
nuclide study was repeated and the results shown in Figure
10. The pathological findings on the surgical specimen de-
scribed arteriovenous lesions with fibromuscular thicken-
ing of arterioles associated with luminal reduction, venular
dilatation and angiodysplasia.

Table 2 shows mean results of percent amplitude ratio
values for pixels of phase angle above the pulmonary cir-
culation peak, for all 48 patients studied. There were 25
controls with very small mean ratios and a small variability
as shown by the small standard deviation of 1.6%. Eleven
patients with systemic-pulmonary shunts had the largest
amplitude ratio values. Seven patients with chronic ob-
structive pulmonary disease and four with pulmonary se-
questra also were studied and the radionuclide derived
amplitude ratios were all abnormal.

Angiography was performed in 19 of cases studied (four
with chronic obstructive pulmonary disease, 11 systemic-
to-pulmonary shunts and four pulmonary sequestra). A com-
parison between radiographic data and noninvasive radionu-
clide method results showed a good relationship between
derived amplitude ratio values and anatomic findings.

FIGURE 10. Functional parametric images of patient in Figure 8
after surgery.
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TABLE 2
Radionuclide derived amplitude ratios in 25 controls and 23
patients with various types of lung disease.

N %

Controls 25 19+16
COPD 8 74 +30
S-P Shunts 11 167+ 54
Pulmonary Sequestra 4 32+06

COPD = chronic obstructive puimonary disease

S-P = systemic-to-puimonary shunt

Reproducibility

There were no significant interobserver or intraobserver
differences for calculated amplitude ratios using the entire
lung fields.

DISCUSSION

Results from our animal validation study showed good
correlation between amplitude ratio calculated by the pro-
posed radionuclide method and flow ratio measured by the
thermodilution method. In calculating the amplitude ratio
values, the bronchial circulation is added to shunt flow. In
Figure 4, the intercept of the regression line through the
amplitude ratio axis should then be related to the bronchial
flow. The intercept is 3.46% (standard error—1.60%),
which is close to the average value of the amplitude ratio
obtained before the shunt implantation (4.24 *+ 2.56%).
This explains the systematic overestimation.

Information contained in parametric images of ampli-
tude and phase is clinically important. The first harmonic
amplitude parametric images, although indicating local pul-
sation, do not have the same information as the classical
9mTc-MAA perfusion images routinely obtained. The lat-
ter technique visualizes the vascular tree that retains the
radioactive particles, i.e., mainly arterioles and capillaries.
In our functional radionuclide ECG-gated method, vascu-
lar territories are visualized in which considerable varia-
tions of blood volume (or blood activity) occur during the
cardiac cycle, i.e., the great pulmonary arteries, the arte-
rioles and, to a lesser extent, the pulmonary capillary net-
work. These are the vessels at which clinically significant
shunts or vascular abnormalities need to be detected.

In the lung circulation, the greatest volume variations
normally take place in the great arterial vessels and these
have the greatest amplitudes in the amplitude image. Visu-
alization of these larger diameter vessels is not possible
using ™ Tc-MAA perfusion images. One limitation of our
method is the exclusion of the hilar area of the left lung,
which is superimposed over the heart and aorta. This
makes it difficult to analyze this portion of the left lung
amplitude images and make comparisons between the
proximal arterial portions of both lungs.

The first harmonic phase functional image and phase
histogram are important in characterizing timing of blood
volume changes and flow waves. In control patients, with
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the areas of heart and aorta excluded from the lung ROI,
the phase histogram shows a large peak (pulmonary circu-
lation peak) followed by a very small peak (bronchial cir-
culation peak), which sometimes is not easily detected, as
illustrated in Figure 5. However, if pulmonary ROI is al-
lowed to include large vessels above the heart, a new peak
with a phase angle similar to that of the bronchial peak is
observed. If the same procedure is carried out in patients
with systemic-to-pulmonary shunts, the great vessels and
shunt peaks, in the phase histogram, are virtually superim-
posed.

We compared results by the proposed radionuclide func-
tional image method with results by angiography in 19 of
the cases in which vascular alterations of pulmonary cir-
culation were confirmed. There was good agreement be-
tween the two methods, and the radionuclide method pro-
vided not only visualization of abnormalities, but also
quantification of flows. The existence of an enlarged ‘sys-
temic” peak in phase histograms in cases of proven in-
creases of systemic flow and visualization of shunts in
phase images with the same localization as in the arterio-
grams was observed.

An inherent error associated with the first harmonic
amplitude and phase images is the ‘“a priori’’ assumption
that time/activity functions for the pixels are sinusoidal
functions. This assumption may vary from patient to pa-
tient and also with patient position. The normalized time/
activity curves obtained from points on the lung ROI indi-
cate in most cases studied that errors resulting from this
approximation may be small, particularly in healthy con-
trols (Fig. 1).

If a perfect fit to a sinus function is assumed, error of the
amplitude of the first harmonic, in the present method, is
less than 15% in healthy controls (see Appendix). Error
associated with evaluation of the amplitude ratio, calcu-
lated as a ratio of the summations of the pixel amplitudes in
phase intervals of the shunt and of the total histogram, is
not easy to obtain for humans. The value of 1.9 + 1.6 was
obtained as the normal amplitude ratio for the systemic
blood flow arriving at the pulmonary area, with phase
greater than the peak of pulmonary circulation (8).

One possible situation in which quantitative information
can not be obtained by this method is when phases of the
pulmonary and systemic flows cannot be separated in the
histogram. This occurred in two patients with mixed pa-
thology. The sensitivity of the method has also been veri-
fied in several situations in which small systemic-to-pul-
onary flows, barely detectable by angiography were de-
tected by the phase images. Further work is required.

CONCLUSIONS

The present work demonstrates the ability to acquire
dynamic information about lung pulsatile flow noninva-
sively in order to detect and quantify systemic-to-pulmo-
nary flows noninvasively. Animal experiments demon-
strated an excellent correlation between activity pulsation
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and pulsatile blood flow and showed that, under experi-
mental conditions, amplitude ratio calculated by this
method correlated well with flow ratio measured by ther-
modilution in the relative evaluation of flows in systemic-
to-pulmonary shunts.

Results obtained in patients demonstrated the technique
to be easily obtained, valuable, and complementary. Ab-
sent other noninvasive techniques to obtain these data, the
proposed radionuclide method of functional parametric
analysis could have a role in characterizing pulmonary
circulation.

APPENDIX

In each of the 32 posterior-view ECG-gated frames (64x64)
acquired over 1500 cardiac cycles, the average number of counts
per pixel is about 1200. About 10% variation is observed in the
time/activity curve for the pixels. If A1 = 1260 for the maximum
value and A2 = 1140 for the mean, and assuming a sinusoidal
variation, the relative standard deviation of amplitude of the first
harmonic of the Fourier series is approximately (4):

Where A is the average number of counts in the pixel
through the cardiac cycle, k is the ratio between A and the
amplitude, H of the first harmonic and n the number of
frames. For values of Al and A2 taken before, n = 32 and
k = 20, the relative standard deviation of the amplitude of
the first harmonic is 0.14.
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